Angiogenesis is a critical aspect of wound healing. We investigated the role of keratinocytes in promoting angiogenesis in mice with lineage-specific deletion of the transcription factor FOXO1. The results indicate that keratinocyte-specific deletion of Foxo1 reduces VEGFA expression in mucosal and skin wounds and leads to reduced endothelial cell proliferation, reduced angiogenesis, and impaired re-epithelialization and granulation tissue formation. In vitro FOXO1 was needed for VEGFA transcription and expression. In a porcine dermal wound-healing model that closely resembles healing in humans, local application of a FOXO1 inhibitor reduced angiogenesis. This is the first report that FOXO1 directly regulates VEGFA expression and that FOXO1 is needed for normal angiogenesis during wound healing.
Introduction
Angiogenesis is critical to wound healing and results from multiple signals acting on endothelial cells. The formation of new blood vessels during angiogenesis occurs by a budding or sprouting mechanism from intact vessels at the wound borders and requires endothelial cell proliferation. VEGFA is one of the most potent pro-angiogenic factors in healing wounds [1] . Major sources of VEGFA during wound healing are thought to be from cells in the connective tissue such as macrophages, fibroblasts, and mast cells [1] . VEGFA gene expression is induced by transcription factors including hypoxia-inducible factor (HIF)-1α. Genetic deletion of HIF-1α (Hif1a) in endothelial cells inhibits angiogenesis during tumor formation [2] . Global deletion of one allele of Hif1a reduces wound angiogenesis [3] . However, deletion of HIF-1α in myeloid cells has little effect on granulation tissue, raising the possibility that other cells are important in wound vascularization [4] . A better understanding of VEGFA regulation is a key to gaining further insight into wound angiogenesis.
Forkhead box O1 (FOXO1) is a forkhead transcription factor that participates in a wide range of cellular processes [5] . Global disruption of Foxo1 in mice causes lethal vascular remodeling defects [6] . FOXO1 is prominently activated in the leading edge and basal layer of keratinocytes after skin injury [5] . Lineage-specific Foxo1 deletion in keratinocytes interferes with keratinocyte migration and re-epithelialization in skin and mucosal wounds [5, 7] . In this study, we investigated the role of FOXO1 in regulating VEGFA expression and angiogenesis in mice with keratinocyte-specific Foxo1 deletion and angiogenesis in a minipig model using a FOXO1 inhibitor. L/L ) mice were generated by breeding transgenic (KRT14-cre + )1Amc/J (Jackson Laboratory, Bar Harbor, ME, USA) and floxed Foxo1 mice [8] . Experiments were performed with adult mice 10-12 weeks old (four males and three females for D4 group/four males and four females for D7 group). Circular 1-mm diameter full-thickness mucosal wounds in the palatal gingiva (n = 7 per D4 and n = 8 per D7 group) or 2-mm diameter circular excisional wounds in the scalp (n = 3 per group) were created and mice were euthanized on days 4 and 7. Circular 1-cm diameter full-thickness dorsal wounds were created in minipigs (n = 5 per group, all females) to a minimal depth of 1 cm. The FOXO1 inhibitor AS1842856 (EMD Millipore, Billerica, MA, USA) was applied by microinjection (0.012 μmol/wound) on days 0, 2, 4, and 6, and tissue was collected on day 8 [9] .
Histologic assessment
Specimens were fixed in 4% paraformaldehyde [5] and assessed by Masson's trichrome stain or by immunofluorescence with specific antibody versus control antibody.
In vitro studies
Human immortalized gingival keratinocytes (HIGKs) were cultured in KGM-2 growth medium supplemented with human keratinocyte growth supplements (Lonza, Allendale, NJ, USA) and maintained in a 5% CO 2 humidified incubator at 37 ∘ C [10] . RT-qPCR, chromatin immunoprecipitation assays (Active Motif, Carlsbad, CA, USA), RNAi with FOXO1-specific or scrambled siRNA (GE Healthcare, Pittsburgh, PA, USA), quantitative immunofluorescence measuring mean fluorescence intensity (MFI), and VEGFA promoter activity with a luciferase reporter [11] were performed. Detailed methods are provided in the supplementary material, Supplementary materials and methods.
Results

Keratinocyte-specific Foxo1 deletion impairs angiogenesis during mucosal wound healing
Foxo1 expression was decreased in healing mucosal epithelium of experimental (K14. Figure S1 ). Vascular density in wounds in Foxo1-deleted mice was decreased by 45-52% compared with control littermates (p < 0.05, Figure 1A ). Keratinocyte-specific Foxo1 deletion significantly decreased the abundance of proliferating endothelial cells ∼40-50%, as measured by Ki-67/CD31 double-positive cells (p < 0.05, Figure 1B ). Wound closure was significantly reduced by Foxo1 deletion in keratinocytes (p < 0.05, Figure 1C ). The gap between the wound edges was 1.5-fold larger in day 4 wounds of experimental K14.Cre + .Foxo1 L/L mice compared with control littermates (p < 0.05, Figure 1C ). On day 7, wounds in both groups had re-epithelialized. We reported previously that wound closure was impaired by the deletion of Foxo1 in keratinocytes in skin wounds [5] . Granulation tissue in experimental wounds was reduced on day 4 by 60% (p < 0.05) and on day 7 by 40% (p = 0.08) ( Figure 1D ).
Foxo1 regulates VEGFA
The levels of VEGFA expression were reduced in both mucosal and skin epithelium of experimental (Figure 2A and supplementary material, Figure S2 ). Keratinocyte-specific Foxo1 deletion significantly reduced VEGFA protein levels by 53% on day 4 (p < 0.05) and 42% on day 7 (p = 0.06) in wounded mucosal epithelium in vivo (Figure 2A) . The combined level of VEGFA expression in epithelium and connective tissue of Foxo1-deleted mice was decreased by 43-48% compared with control littermates (p < 0.05, Figure 2B ). Transfection of human gingival keratinocytes with FOXO1 siRNA significantly reduced VEGFA mRNA levels by 43% and protein levels by 57% (p < 0.05, Figure 3A, B ). An analysis of the human VEGFA promoter region revealed a putative FOXO1 response element located between −798 and − 788 bp relative to the transcription start site. Based on this information, primers were selected for the ChIP amplicon between bp −896 and − 728 (supplementary material, Figure S3 ). Chromatin immunoprecipitation assays showed that endogenous FOXO1 is recruited to the VEGFA promoter (p < 0.05, Figure 3C ). Overexpression of FOXO1 stimulated a 2.6-fold increase in VEGFA transcriptional activity, whereas FOXO1 silencing produced a 43% decrease (p < 0.05, Figure 3C ). VEGFA released by keratinocytes transfected with FOXO1 siRNA or scrambled control siRNA was measured by ELISA. The levels of VEGFA in the conditioned medium were decreased by 55-60% by FOXO1 knockdown (p < 0.05, Figure 3D ). Intracellular levels of VEGFA detected by ELISA were very low. As an alternative, we assessed intracellular VEGFA by flow cytometry. Knockdown of FOXO1 significantly reduced intracellular VEGFA levels in keratinocytes (p < 0.05, Figure 3D ). 
FOXO1 inhibitor reduces angiogenesis in the minipig skin wounds
Discussion
We have demonstrated that keratinocytes regulate angiogenesis in mucosal and skin wounds and that FOXO1 plays an essential role. ChIP assays indicated that FOXO1 interacts directly with the VEGFA promoter and our luciferase reporter assays indicated that overexpression of FOXO1 stimulates VEGFA transcript levels, and these are reduced by FOXO1 knockdown, supporting the direct regulation of VEGFA by FOXO1. Furthermore, deletion of Foxo1 in keratinocytes reduces re-epithelialization and granulation tissue formation. Local injection of a FOXO1 inhibitor in minipig skin wounds reduced angiogenesis. While it is known that keratinocytes express VEGFA [12] , the mechanism of its regulation during wound healing had not been fully clarified. In vivo and in vitro studies demonstrated that FOXO1 regulates VEGFA expression. We found that Foxo1 deletion in keratinocytes reduced keratinocyte-produced VEGFA and also reduced the total levels of VEGFA in healing wounds. Furthermore, the importance of FOXO1 is supported by reduced angiogenesis following application of a FOXO1 inhibitor to porcine skin wounds that heal similarly to those in humans [13] . That the murine and porcine wound healing models gave similar results supports the importance of keratinocytes in angiogenesis because the impact of Foxo1 deletion in keratinocytes was similar to that of local injection of a FOXO1 inhibitor.
In addition to its effect on keratinocytes, FOXO1 plays a direct role in vascular development and postnatal angiogenesis in endothelial cells [6, 8, 14, 15] . While we show that FOXO1 is needed for VEGFA expression in keratinocytes, FOXO1 activation within vascular cells is also important [6, 14] . Endothelial cell-specific deletion of FOXO1 causes hemangiomas resulting from excessive endothelial proliferation and reduced apoptosis [8, 16] . In contrast, global or endothelial deletion of FOXO1 during development leads to embryonic lethality due to severe vascular defects [6] . Thus, FOXO1 in postnatal endothelial cells appears to suppress proliferation and permit apoptosis while it is needed in development for the formation of blood vessels. It has been suggested that the molecular signals regulating FOXO1 activity may be different between embryonic vascular development and postnatal vessel formation, and the downstream targets of FOXO1 may differ under these conditions [14] . This is consistent with our findings that the activity of FOXO1 in normal and diabetic healing differs because the microenvironment alters the pattern of genes induced by FOXO1 [7, 17] .
In our study, we found that FOXO1 deletion in keratinocytes led to impaired wound closure. It affects re-epithelialization in vivo and the capacity of keratinocytes to produce VEGFA in vivo and in vitro. VEGFA affects several components of the wound-healing cascade including angiogenesis, re-epithelialization, granulation tissue formation, and collagen deposition [18, 19] . VEGFA can stimulate the migration and proliferation of a number of cell types including keratinocytes, fibroblasts, and myofibroblasts, an important component of wound healing [19, 20] . Thus, the effect of VEGFA is likely to extend beyond stimulating angiogenesis during wound healing.
In summary, we found that keratinocyte-specific deletion of FOXO1 impaired wound angiogenesis and led to the reduced granulation tissue formation. This is the first evidence that FOXO1 organizes keratinocyte activity to promote VEGFA expression and wound angiogenesis. Application of a FOXO1 antagonist may be therapeutically useful where inhibition of angiogenesis would be beneficial, such as in end-stage diabetic retinopathy or tumor therapy.
